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A novel  technique  is  described  for  reducing  the  size  of  aerosol  droplets  pro- 
duced by  a pneumatic  nebulizer  of  the  kind  commonly  used  in  flame  or  plasma  spec- 
trometry. The  technique  involves  the  application  of  an  electric  field  to  the 
tip  of  the  nebulizer,  resulting  in  an  induced  surface  charge  on  the  liquid  being 
nebulized.  In  turn,  the  surface  charge  reduces  the  liquid's  surface  tension  and 
results  in  the  generation  of  a finer  aerosol.  In  this  study,  the  effect  of  the 
electric  field  is  quantified  in  terms  of  the  spatial  dispersion  and  size  distrib j- 
tion  of  aerosol  droplets  formed  in  the  presence  and  absence  of  the  ficld.^Iove^ 
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One  of  the  most  important  aspects  of  flame  or  plasma  atomic  spectrometry 
is  the  means  and  efficiency  with  which  the  sample  solution  is  converted  into 
an  aerosol  and  carried  to  the  analytical  flame  or  plasma.  In  particular, 
droplet  size  plays  a key  role  in  determining  the  sensitivity,  precision,  and 
relative  freedom  from  interferences  that  can  be  obtained  with  a flame  or 
plasma.  Small  droplets  will  be  quickly  desolvated  and  will  produce  propor- 
tionally smaller  solute  particles  which  in  turn  will  experience  rapid  and 
efficient  vaporization.  The  mechanisms  of  desolvation  and  vai)ori zat ion  have 
been  examined  in  some  earlier  studies  (1,2)  which  describe  the  complex  se- 
quence of  events  occurring  in  flames  whereby  sample  solutions  are  transformed 
into  free  atoms.  From  these  considerations,  any  modification  which  would 
enable  a nebulizer  to  produce  smaller  droplets  would  obviously  aid  in  improving 
the  analytical  capabilities  of  flame  or  plasma  spectrometry. 

Several  devices  have  been  developed  for  converting  a sample  solution  to 
an  aerosol  and  range  from  simple  right-angle  pneumatic  nebulizers  (3)  to  more 
complex  devices  such  as  ultrasonic  nebulizers  (4)  and  electrostatic  sprayers 
(5),  Mavrodineanu  (6)  has  described  these  and  other  metliods  of  sample  intro- 
duction which  are  commonly  employed  in  flame  spectrometry.  Of  the  many  alter- 
native techniques,  pneumatic  nebulization  has  become  the  most  widely  accepted 
means  of  sample  introduction,  because  of  its  relatively  low  cost,  liigh  efficiency, 
and  simplicity  of  operation.  However,  pneumatic  nebulization  ])roduces  relatively 
large  droplets  which  vary  widely  in  size. 

In  the  present  paper,  a novel  technique  is  described  in  wliich  tlie  size 
of  pneumat ical ly  produced  droplets  is  reduced  by  application  of  an  intense 
electric  field  to  the  nebulized  liquid.  This  new  approach  is  simple  to  imple- 
ment with  nebulizers  commonly  employed  in  plasma  or  flame  s]icctrometry  and 
sliould  find  application  in  many  laboratories.  The  performance  of  tliis  new 


electric-field  pneumatic  nebulizer  (EFPN)  system  is  based  upon  tlie  interaction 
of  electric  field  forces  and  molecular  forces  within  a charged  liquid  jet  as 
it  is  pneumatically  disrupted,  resulting  in  an  effective  decrease  in  the 
surface  tension  of  the  liquid.  This  electric-field-induced  reductioti  in  sur- 
face tension  leads  to  the  pneumatic  formation  of  smaller  droplets  by  an  estab- 
lished mechanism  (7,8)  which  describes  the  role  that  surface  tension  plays  in 
pneumatic  nebulization. 

In  the  present  investigation,  aerosols  were  produced  by  an  El'PN  system 
constructed  from  a Beckman  total-consumption  integral  aspirator-burner.  Be- 
cause operation  of  the  new  nebulizer  was  the  subject  of  study,  no  flame  was 
employed;  instead,  the  aerosol  was  measured  directly  and  ambiguity  thereby 
avoided.  Photographic  observation  of  the  aerosols  produced  by  the  EFPN  evstem 
reveals  distinct  perturbations  in  the  spatial  distribution  of  the  droplets 
formed  under  the  field's  influence.  These  perturbations  demonstrate  that  the 
droplets  produced  by  this  nebulizer  are  highly  charged.  In  addition,  droplet 
size  distributions  produced  by  the  EFPN  system  were  directly  measured  and 
compared,  both  with  and  without  the  electric  field  applied,  and  a 63%  reduction 
in  aerosol  volume  mean  diameter  was  noted.  As  a necessary  background  for 
these  studies  let  us  consider  the  basic  mechanism  of  pneumatic  nebulization 
and  the  influence  that  an  electric  field  will  exert  on  the  droplet  formation 
process. 


The  mechanism  of  pneumatic  nebulization  has  been  investigated  and  formu- 
lated by  a number  of  authors  (9-12)  and  a series  of  theoretical  treatments 
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has  described  axi symmetric  instabilities  of  flowing  jets  and  their  disinte- 
gration into  droplets  corresjiording  to  the  wavelengtli  of  fastest  growtii.  How- 
ever, our  discussion  can  be  restricted  to  those  parameters  involved  in  pneu- 
matic nebulization  which  are  affected  by  an  electric  field. 

Nukiyama  and  Tanasawa  (8)  correlated  the  size  of  droplets  produced  by 
concentric  pneumatic  nebulizers  witli  the  properties  of  the  liquid  being  nebu- 
lized and  with  the  relative  velocities  of  the  gases  and  liquids  involved. 
Their  results  can  be  expressed  as  follows; 
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In  liquation  1,  D is  the  diameter  of  a single  droplet  having  the  same  volume- 
to-surface  ratio  as  the  entire  population  of  dro]>lets  (termed  the  volume  mean 
diameter) , ^ is  the  surface  tension,  d the  density,  f^  the  viscosity  and  ^ 
the  flow  rate  of  the  nebulized  liquid,  and  v is  the  velocity  and  (2a  flow 
rate  of  the  nebulizing  gas.  With  most  conventional  pneumatic  nebulizers, 

Ql/Qa  is  insignificantly  small;  consequent  ly^  the  first  term  in  liquation  1/ 
involving  the  surface  tension  parameter  , plays  the  dominant  role  in  deter- 
mining droplet  sizes.  Accordingly,  any  reduction  of  a solution's  surface  ten- 
sion will  produce  a marked  decrease  in  the  size  of  the  resulting  droplets. 

This  behavior  is  illustrated  by  the  fact  that  an  increase  in  the  number  of 
small  droplets  occurs  in  an  aerosol  when  an  organic  solvent  instead  of  an 
aqueous  solvent  is  nebulized. 

Sclimid,  Hurd  and  Suavely  (1.3)  re- 


ported that  application  of  a strong  electric  field  to  a solution  will  reduce 
the  solution's  surface  tension.  Tiiis  effect  is  we  1 1 -recogni zed  in  the  field 


4 


of  polarography , where  application  of  a potential  to  a dropping  mercury 
electrode  alters  the  mercury-solution  interfacial  tension  and  conscciucnt  ly 
changes  the  mercury  flow  rate  and  drop  formation  time.  Corresponding!)-,  tlic 
application  of  an  electric  field  should  also  reduce  the  size  of  i-)ncumat  i ca  lly 
produced  droplets.  Mechanistically,  the  electric  field  forces  oppose  molecular 
forces  witliin  the  droplet  as  it  is  formed^which  results  in  a lowering  of  the 
droplet's  surface  tension  and  creates  instabilities  within  the  drojilet.  Tliis 
complex  interaction  then  leads  to  the  breakup  of  the  larger  unstable  droplets 
into  smaller  more  stable  droplets.  In  the  case  of  aqueous  solutions,  surface 
tension  reduction  can  be  visualized  as  the  result  of  an  increase  in  the  orien- 
tation of  the  water  dipoles  in  the  presence  of  an  electric  field.  Similarly 
oriented  dipoles  will  repel  each  other,  thereby  leading  to  a decrease  in  sur- 
face tension. 

The  instabilities  created  within  a charged  droplet  can  be  linked  to  its 
acquisition  of  excess  surface  free  energy  when  the  droplet  becomes  charged; 
in  turn,  this  free  energy  can  be  minimized  by  decreasing  the  droplet's  charge- 
to-surface  area  ratio.  A decrease  in  this  ratio  is  conveniently  implemented 
by  fragmentation  of  a large  droplet  into  a number  of  smaller  droplets.  Hence, 
the  combination  of  electric  field  effects  with  pneumatic  nebulization  results 
in  a system  capable  of  substantially  reducing  the  size  of  the  droplets  pro- 
duced from  a conventional  pneumatic  nebulizer. 

Another  technique  which  is  closely  related  to  the  L'FPN  phenomenon  just 
described  deals  with  the  breakup  of  charged  liquid  jets  and  is  commonly  called 
electrostatic  spraying.  Even  though  pneumatic  forces  do  not  play  a role  in 
electrostatic  spraying,  the  mechanism  of  the  influence  of  the  electric  field 
on  pneumatic  spraying  is  similar  to  that  involved  in  electrostatic  spraying. 


Consequently,  the  effect  tliat  an  electric  field  will  have  on  these  processes 
should  be  simi lar. 

The  mechanism  of  electrostatic  sprayin;.;  has  been  studied  extensively 
(14-181  and  a great  number  of  experimental  and  theoretical  papers  have  appeai'eil 
on  the  man>  jirocesses  involved  in  the  hri'aku|i  of  charged  liquid  jets 
Most  of  these  invesv igat ions  treat  the  ohsei'ved  surface  instabilities  as  an 
opposition  of  molecular  forces  (e.g.  surface  tension)  and  electrical  forces. 

In  order  to  minimize  surface  cnergv',  the  molecular  forces  tend  to  decrease 
tlie  surface-to-volume  ratio  (i.e.,  contract  the  liipiid  into  a single  sphere) 
whereas  the  energy  associated  with  the  electric  field  is  minimized  b\'  increasing, 
this  ratio  (i.e.,  shattering  the  licpiid  into  tin>-  droplets).  Conseipient  1 , 
as  the  electrical  forces  become  dominant,  .1  decrease  occurs  in  tlie  mean  droplet 
diameter  produced  upon  breakup  of  a liquid  .jet.  This  behavior  has  been  con- 
firmed by  lluebner  and  others  (18,20,23)  who  found  tliat  the  moan  size  of  the 
droplets  jiroduced  from  such  jets  decreases  with  increasing  applied  potential. 
Disintegration  of  liquid  jets  using  |)otentials  of  up  to  2.3  K\'  has  been  examined, 
but  the  electric  fields  created  were  actually  weak  due  tc  large  distances  be- 
tween electrodes.  Distributions  tabulated  for  mean  droplet  sizes  in  these 
studies  range  from  100  to  1000  micrometers,  and  size  decreases  on  the  ordei" 
of  25°o  to  30",,  depending  on  the  magnitude  of  the  jiotential  being  applied,  have 
been  vvbserved.  Comivarable  reductions  in  droplet  sizes  might  be  expected 
for  the  lilT’N  system  operated  under  similar  electric  field  strength  con- 
ditions; in  fact,  tlic  hl'I’N  system  descrilted  herein  yields  a 63"o  decrease 
in  the  volume  mean  droplet  diameter  when  a potential  of  3.3  KV  is  ajvplied. 
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A tUagrain  of  tlio  HFl’N  systom  einployoil  in  tho  present  work  is  shoioi  in 
figure  1.  rite  system  is  comprised  of  a eliarging  electrode  aiul  a Heckman 
burner  attaclied  to  a spatial  translator  and  mounted  within  an  insulated  en- 
closure, To  cliargc  tho  drojilets  being  formed,  terminal  H (connected  to  tlie 
nebulizer)  is  grounded,  so  the  bulk  analytical  solution  is  not  cliarged; 
however,  a potential  of  S.5  KV  is  apjilieil  to  terminal  A b)  a liigli  vi)ltage 
()ower  supply  (cf.  Table  1).  Consequently,  only  tliat  portion  of  the  solutuni 
between  the  electrode  and  nebulizer  is  charged,  thereby  maximizing  the  elec- 
tric field's  <'f*'ect.  Care  must  be  taken  in  the  lil-'I’N  system  design  to  minimize 
the  dista  een  the  nebulizer  and  terminal  A,  so  the  greatest  electi'ic 

field  s is  generated.  This  goal  was  accomplished  in  the  jiresent  study 

by  positioning  the  nebulizer  as  close  as  possible  to  terminal  A (ap]iroximatel>’ 
1cm),  without  causing  electrical  breakdown. 

With  this  arrangement,  an  electric  field  on  tho  order  of  5.S  K\/cm,  is 
created  between  the  tip  of  the  nebulizer  and  the  chargini;  electi'ode.  We  diil 
not  attem|it  to  accurately  measure  or  calculate  the  field  strength  since  this 
study  is  directed  it  merely  demonstrating  the  effect  of  its  presence.  I'he 
response  of  this  system  to  an  applied  electric  field  will  be  examined  in  each 
of  the  following  exjierimcnts  and  details  concerning  all  of  the  individual  com- 
ponents enijiloycd  are  summarized  in  Table  1. 

The  lil'I’N  s)stem  shown  in  figure  1 was  modified  for  some  studies.  In  this 
modification,  terminal  A was  replaced  by  a jilexiglass  [ilate  holding  a brass 
ring  whicli  encircles  the  nebulizer  and  acts  as  the  charging  electrode.  This 
modified  device  performed  just  as  the  original,  but  was  judgeil  safer  to  o]ier- 
ate,  because  the  area  whicli  is  he  hi  at  a liigh  potential  is  greatly  reduccil. 


scattofM.};  observations  were  em- 
ployed to  evaluate  the  electric  field's  effect  on  the  spatial  distribution 
of  tlie  charged  droplets  as  titey  are  produced.  I ij;ure  2 portrays  tlie  experi 
mental  arrangement  employed  for  those  observations.  A xenon  arc  lam]i  (cf. 

Table  1)  >-S  used  to  illuminate  tiie  aerosols  and  a camera  oriented  just  less 
tiian  180°  with  respect  to  the  light  source  records  the  scattered  radiation 
as  a function  of  applied  electric  field.  The  orientation  of  the  photogra[ih i c 
readout  serves  to  maximize  the  Mic  scattering  signal  and  minimizes  the  effects 
of  morphology  (i.e.  asphericity)  of  droplets. 

To  obtain  a scattered  light  photogra]>h,  tlie  air  delivery  pressure  to  t lie 
nebulizer  is  adjusted  to  a flow  rate  of  ap])roximate  ly  2 linn;  at  tliis  flow, 
a stable  asiiiration  rate  and  aerosol  cloud  are  produced,  i'lte  xenon  arc  is  tiien 
oriented  so  that  its  ligiit  strikes  the  aerosol  just  above  the  tip  of  tlie  nebu- 
lizer. The  camera  is  positioned  to  obtain  maximum  scattering  signals  but  lo- 
cated so  direct  radiation  from  the  lamp  does  not  fall  on  it;  photogra|)hs  are 
then  taken  with  and  without  the  electric  field  being  applied, 

Prpnlet  Size  Uistribution  Measurements.  The  most  reliable  method  for 
determining  the  droplet  size  distribution  produced  by  the  Hl'l’N  system  is  tlie 
MgO  impression  technique  (26);  however,  this  tcclinique  yields  no  spatial  in- 
formation. The  procedure  involves  coating  microscope  slides  witli  a thin  and 
uniform  layer  of  fine-grain  MgO  and  then  collecting  droplet  impact  impressions 
within  tlie  layer.  Impressions  are  collected  by  quickly  passing  the  coated 
slide  througii  the  aerosols  formed  both  when  the  electric  field  is  present  and 
when  it  is  absent.  To  measure  each  impression,  jiliotomi crograjihs  were  taken 
of  groups  of  droplet  impressions  in  a desired  region  of  the  slide;  by  compari- 
son of  these  images  with  a photomi crograpli  of  a calibrated  reticle,  taken  with 
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the  same  optical  system,  the  size  of  each  impression  can  be  Jet  i' rini  iiial . i’.e- 

eause  each  slide  contains  hmulrcJs  of  droplet  impressions,  tabulation  of  t he 
sizes  measured  from  several  slides  provides  a reliable  and  representative 
droplet  size  distribution.  Droplets  have  been  collected  usinf,  this  teehniqiie 
over  a large  size  range  and  for  a wide  range  of  litpiids  and  inijiaet  velocities 
{2h)  and  it  has  been  shown  that  tlte  tezhnique  is  eaptible  of  measuring  droplet 
diameter.,  greater  than  10  |im  with  .3-5‘u  accuracy  (2). 

.\cquisition  of  charge  is  part  of  the  mech- 
anism controlling  the  reduction  of  a drojilet's  size,  as  described  earlier. 

Also,  the  polarity  and  magnitude  of  a droplet's  charge  will  influence  that 
droplet^s  behavior  u[H)n  interaction  witli  other  components  in  any  S|)ect  romet  e r 
system.  Therefore,  an  attempt  was  made  to  determine  the  cliargc  that  a droplet 
acquires  from  tlie  Hl'l’.N  device. 

The  average  charge  per  droplet  was  deduced  from  the  dro)ilet  size  distiibu- 
tion,  tile  nebulization  rate,  and  the  current  that  flows  into  the  nebulized 
liquid  stream.  No  measurable  charge  was  induced  onto  the  droplets  in  tlie  ab- 
sence of  the  electric  field.  Therefore,  the  current  flowing  into  the  nebu- 
lized stream,  coupled  with  the  nebulization  rate  (in  nil/sec)  defines  tlie  charge 
that  is  acipiired  per  unit  volume  of  nebulized  solution.  In  turn,  the  charged 
liquid  is  disrupted  into  a dispersion  of  dro]ilets  with  fixed  fractions  existing 
in  specific  and  statistically  fixed  size  ranges  which  are  defined  b>’  the  droplet 
distribution  data,  fhe  number  of  droplets  in  each  size  range  formed  [ler  unit 
volume  of  liquid  nebulized  can  then  be  calculated  and  the  resulting  charge  per 
dro]ilet  determined. 

f.xperiinental  ly , the  current  was  measured  by  connecting  a picoammeter 
(cf.  Table  I)  between  terminal  11  and  ground  potential  (termin.il  H is  disconnected 
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from  ground)  and  iioting  in  wiiich  direction  the  current  flows.  Accui-ate  mea- 
surement of  the  nehulization  rate  is  accoiii])  1 i slied  with  the  aid  of  a sim|ile 
apparatus  which  provides  a solution  reservoi  i'  kept  at  a constant  levi'l  and  a 
gas  system  which  maintains  a constant  flow  rate  tlirougli  tlie  nebulizer.  Tlie 
amount  of  solution  titat  is  automat  i ca  1 1>’  added  to  keep  a constant  level  in 
tlte  reservoir  during  nehulization  is  accurately  measured  .ed  corres|)onds  to 
the  c|uantity  of  solution  tliat  is  nebulized.  Recoriliiig  the  time  perit)d  i.luring 
which  nehulization  occurs  results  in  the  nehulization  rate. 

Tlie  apparatus  used  to  maintain  a constant  solution  feed  level  consists 
of  a single  glass  tube  (5  mm  i.d.)  filled  with  water,  one  end  sea.ed  and  the 
other  left  o|ien.  The  tube  is  held  with  the  open  end  immersed  ii.  o a 25  ml 
graduated  cylinder  whicli  acts  as  the  solution  reservoir  for  the  nebulizer; 
as  the  solution  level  decreases,  an  air  bubble  is  allowed  to  enter  tlie  glass 
tube  and^ correspondi ng ly^ the  tube  dispenses  an  identical  voliune  of  water, 
maintaining  a constant  level  in  the  reservoir.  Measuring  the  volume  displaced 
in  the  feed  tube  enables  an  accurate  (±.02  ml)  determination  of  the  volume 
nebu 1 i zed . 


The  photographs  of  scattered  radiation  qualitatively  reveal  the  siiatial 
distribution  of  the  droplets  produced  by  the  Td'I’N  system  with  and  without  the 
electric  field.  In  turn,  tliis  distribution  indicates  both  that  the  dro]ilets 
are  charged  and  that  their  size  is  reduced  by  the  field's  influence.  These 
qualitative  findings  are  confirmed  through  use  of  a direct  and  quantitative 
method  for  determining  the  droplet  size  distribution  iirodiiceii  by  the  I'Tl'N 
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system.  Those  results  and  their  importance  to  practical  flame  and  plasma 
spectrometry  are  discussed  in  this  section. 


scattered  from  the  aerosols  which  wei'c  |)roduced  l>y  the  IT'I’N  system  revealisl  a 
distinct  effect  of  the  electric  field.  I'he  pliotoy rajili  in  l•iJ>ure  .'5A  depicts 
tlie  scattered  lijjlit  profile  wlien  no  electric  field  is  present;  the  mainstream 
of  the  aerosol  ajijiears  confined,  witii  only  a few  droplets  deviatiii}>  from  the 
axis  of  the  aerosol.  In  contrast,  l-ij;ure  5B  shows  the  chanj>e  in  nehulization 
which  occurs  when  the  field  is  applied.  In  I'ijiure  511,  a much  more  diffuse 
aerosol  cloud  is  found,  witli  a large  number  of  tlic  drojilets  ai)pcaring  to 
possess  high  velocities  perpendicular  to  the  primary  axis  of  aerosol  flow. 

It  was  qualitatively  observed  that  the  sedimentation  rate  of  tliese  outer  drop- 
lets is  extremely  slow,  suggesting  that  tlie  droplets  in  the  periphery  of  the 
aerosol,  portrayed  in  Figure  311,  arc  very  small.  These  results  indicate  that 
the  same  reduction  in  droplet  size  that  has  been  characterized  for  charged 
liiluid  jets  (23)  is  probably  occurring  duri  ng  e lect  r i c- f i e K1  ])neumatic  nebulizati 
The  acc|uisition  of  a charge  by  the  droplets  and  the  effect  of  the  electric 
field  on  the  cliarged  droplets  are  vividly  shown  in  tire  irhotograph  in  Figure  3U. 
ilic  off-axis  (peripheral)  drojilcts  in  Figure  311  are  being  strongl)-  attracted  to 
Terminal  A and  collected  there;  hence  they  must  be  clrarged  to  tlie  opposite 
polarity  of  the  applied  potential.  Apparently,  the  dome-slKsped  region  just 
above  the  tip  of  the  nebulizer  marks  the  interface  between  the  regions  of 
ojipositc  polarity.  'I'hese  effects  are  all  observed  to  an  identical  degree 
when  either  positive  or  negative  potentials  are  applied  to  the  IlFI’N  system. 


on . 


The  current  flowing  in  the  F.FPN  system  upon  applic.ation  of  the  electric 
field  is  on  the  order  of  4.4  x 10"^  A.  Moreover,  the  direction  of  the  current 


flow  indicates  that  droplets  are  bcinj;  charged  to  the  polaiit>  opposite  from 
the  applied  potential,  verifying  the  foregoing  explanation  given  for  the  be- 
havior of  the  droplets  in  I'igure  311.  Significantly,  the  actiuisition  of  such 
an  excess  surface  charge  can  cause  a droplet  to  hecoine  unstable,  leadiii);  to 
its  fragmentation.  In  effect,  tite  charged  droplet  establishes  a lowi'r  eiierg.y 
condition  by  decreasing  its  charge-to-surface  area  ratio  through  f raginontat i on 
into  a number  of  small  droplets.  To  cite  a numerical  example,  a 10  ijiii  diam- 
eter droplet  might  disru])t  into  sixty-four  10  nm  diameter  droplets  which  then 
possess  the  same  total  volume.  The  average  charge  carried  by  40  nm  and  10  nm 
droplets  by  the  lib'PN  system  can  then  be  calculated  from  the  measured  current 
(4.4  X 10"^  A),  nebulization  rate  and  droplet  size  distribution  data,  as  jire- 
viously  described.  When  this  calculation  is  ])erformcd,  the  surface  charge 
on  the  40  nm  and  10  nm  droplets  is  found  to  be  1.7  x 10"^^  coulombs  and 
7.2  X 10"*^  coulombs  respectively.  In  turn,  these  values  indicate  a charge- 
to-surface  area  ratio  for  the  10  nm  droplet  which  is  an  order  of  magnitude 
less  than  that  for  the  40  nm  droj)lct. 

Unfortunatcl)',  highly  charged  droplets  might  also  lead  to  a serious 
problem.  Being  highly  charged,  the  droplets  will  possess  a liigh  affinity  for 
any  object  at  ground  potential,  including  .,ucit  areas  as  a nebulizer  S]iia\' 
cliamber  and  burner  walls.  Collection  of  a large  quantity  of  droplets  on 
these  surfaces  could  lead  to  a substantial  reduction  in  the  amount  of  sample 
being  introduced  into  the  analytical  source  (i.e.,  flame  or  plasma).  Of 
course,  charging  of  the  spray  cliamber  and  burner  walls  to  a i>olarit\’  the  same 
as  the  droplet's  could  overcome  this  imiblem  but  might  be  impractical. 

Perhaps  the  best  method  for  overcoming  this  potential  problem  would  be  to 
minimize  the  nebulizer  and  burner  surface  areas  to  which  the  dioplet-^  are  ev- 


posed  before  they  enter  tl>e  flame  or  plasma. 


aerosols  produced  by  tbe  bl-PN  system  are  polydisperse  (l.e.,  eontain  a rani;i- 
of  droplet  sizes),  characterization  of  tbe  aerosol  rtninires  knowledge  of  tiu- 
droplet  size  distribution.  In  turn,  to  determine  t!ie  dro]ilet  size  distribu- 
tion, one  must  accurately  tabulate  the  frecpiency  of  occurrence  of  each  drojilet 
size.  N'unierous  methods  have  been  developed  for  measuring  droplet  sizes;  the 
most  general  and  convenient  of  those  metliods  is  the  M{p  impression  method 
(26),  which  was  chosen  for  use  in  the  present  investigation. 

More  than  1500  droplet  impressions  were  collected  and  measured  from 
photomicrographs  such  as  the  one  shown  in  I'igure  4.  Measured  droplet  diameters 
were  placed  into  size  groups  which  were  centered  around  a nominal  size  and 
tabulated  at  5 nm  intervals.  All  of  the  droplet  diameters  which  were  measured  to 
be  less  than  10  pm  were  included  in  the  U)  iim  size  grouj).  The  efficiency  of  col- 
lection of  droplets  smaller  than  about  10  urn  is  low,  because  such  small  drojilets 
tend  to  follow  the  air  flow  around  the  MgO-coated  slides  and  are  therefoi-e  not  effi- 
ciently collected.  Also,  small  droplets  tlo  not  often  leave  measurabK'  im- 
pressions upon  impact,  because  of  their  low  mass.  (!onso(|uent  ly , some  error 
undoubtedly  exists  in  the  tabulated  10  pm  population;  tlie  same  limitations 
prohibit  the  tabulation  of  any  droi)let  sizes  smaller  th;m  5 pm.  Overall, 
however,  the  MgO  techniejue  has  been  shown  to  be  (piite  useful  for  character!  zini; 
aerosols  of  this  tiature  (27).  Fhese  tabulations  are  displayed  as  liistograms 


! :> 

in  Ingure  5,  v^here  the  percent  of  the  total  number  of  droplets  observeil  is 
plotted  against  tl\c  diameter,  in  pm,  of  eacli  drojilet  size  group.  A distinct 
shift  of  the  entire  distribution  towards  smaller  droi>lets  occurs  when  thi' 
electric  field  is  applied,  proving  that  there  is  indeed  a reduction  in  tiu' 
size  of  the  droplets  produced  by  a itneumatic  nebulizer  under  the  infliR'iice  of 
an  electric  field. 

rhe  mean  droplet  diameter  of  aerosols  [iroduced  by  nebulization  of  aqueous 
solutions  with  a Heckman  nebulizer-burner  has  been  shown  to  be  aiiproximately 
20  (jm  (27).  t!onsei(ucnt !)■ , it  is  worthwhile  in  the  present  stud)'  to  examine 
the  percent  of  the  total  number  of  dro|)lets  whicb  is  greater  or  less  than 
20  pm.  Such  a comparison,  shown  in  Table  II,  demonstrates  again  the  sharp 
decrease  in  droplet  size  that  occurs  when  an  electric  field  is  applied.  Sin- 
nificantly,  the  application  of  an  electric  field  not  only  increases  the  number 
of  small  droplets  but  also  provides  a corresponding  decrease  in  the  number  of 
large  droplets.  This  finding  agrees  with  the  theoretical  explanation  given 
earlier  concerning  the  mechanism  of  the  electric  field's  effect  upon  pneumatic 
nebulization. 


representa- 
tion of  the  droplet  distribution  data  (cf.  Figure  5)  by  an  empirical  function 
enables  one  to  quantitatively  compare  the  measured  distributions  by  computing 
their  mean  droplet  diameters.  Past  studies  (28)  have  shown  tliat  the  log-normal 
function  is  applicable  to  sprays  of  this  nature.  The  log-normal  function  is 
statistically  based  and  predicts  that  the  natural  logarithm  of  tlic  drojilet 
diameters  will  be  distributed  in  a normal  or  Gaussian  manner.  Mugele  and 
hvans  (28)  found  that  an  even  bettor  agreement  with  experiment  could  be 
realized  by  introducing  an  upper-limit  parameter  into  the  log-normal  function. 


II 


Tlie  upper- 1 i mi  t parameter  sim|)ly  represents  the  maximum  stable  droplet  diam- 
eter; this  realistie  limit  replaces  the  theoretical  concept,  implicit  in 
the  log-normal  function,  that  there  is  an  infinitely  small  prohabi 1 i t >■  that 
an  infinitely  large  droiilet  might  he  formed,  lixaini  nat  i on  of  I'ig.ure  S demon- 
strates that  an  upper  limit  to  tiie  droplet  diameter  range  can  easily  hi’  delined. 

The  log-norma  I /upper- 1 i mi  t function  was^)i)lied  to  the  distribution  data 
as  described  by  Mugele  and  hviins  (28).  In  this  (irocedure,  the  logarithm  of 
the  droplet  diameter  is  first  plotted  against  the  cumulative  volume  fraction 
on  a probability  scale;  such  a plot  is  shown  in  I'igure  (>A  for  the  case  when 
the  electric  field  is  absent.  The  linearity  of  the  plot,  except  at  large 
diameters,  demonstrates  that  tlic  droplet  distribution  can  be  accurately  rep- 
resented by  the  log-normal  function.  I’he  deviation  from  linearity  at  large 
droplet  diameters  apjiarent  in  figure  6A  is  inherent  in  the  log-normal  function 
and  is  corrected  when  the  up])er-limit  parameter  is  included,  following  the 
same  procedure  for  the  droplet  data  obtained  when  the  electric  field  is 
present  yields  the  jilot  shown  in  figure  68;  as  before,  the  |>lot  demor\st  rat  es  1 

that  the  drojilet  sice  d i st  r i hot  i on  produced  utuler  the  influence  of  the  electric 

1 

field  can  be  represented  by  the  log-normal  function. 

Mugele  and  livaTis  (28)  have  derived  an  expression  for  the  volume  mean 
diameter  (X)  of  a droplet  distribution  wliich  adheres  to  the  log-normal  and 
upper-limit  functions; 


X 


X,n/(1  + 2ae 


l/40i^ 


(2) 


In  hquation  2 , the  maximum  stable  drojilet  diameter,  Xm,  is  the  parameter 
associated  with  the  ii|ii)er- 1 imi  t function  and  is  determined  from  the  plots  in 
figures  6A  and  o8,  as  described  by  Tames  (29),  The  ^ term  in  iquation  2 
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is  ;i  il  i MK'iis  i on  1 uss  oonstiint  which  is  ;ilso  rcnilily  tletcrmi  nod  from  I'i^ui’cs  ()A 
;iiid  (iB  (2yj.  I'inally,  the  size  distribution  [Kir;imctor^  , whicli  can  lx. 
associated  v;ith  how  rapidly  the  distribution  decreases  from  its  maximum  value, 
is  obtained  from  tlie  slopes  of  tlie  lines  in  figures  (x\  and  OB  (after  tlie 
upper-limit  function  correction  is  applied).  By  calculating  vahu-s  for  tlu-'.c' 
parameters  and  solving  Ixpiation  2 , one  can  compute  and  comi>are  volume  mean 
diameters  for  the  tiroplet  distributions  obtained  both  with  and  without  tlu- 
electric  field  being  applied.  '■ii  aineti^rs  are  computi'd 

because  drojilets  measured  by  imi)act  technicpies  give  volume  averages. 

The  results  of  the  foregoing  mathematical  treatmctit,  summarized  in  lahle 
III,  reveal  a pronounced  decrease  in  the  volume  :iiean  diameter  u])on  ;i|ip  1 i cat  i on 
of  the  electric  field,  thereby  substantiating  the  earlier  jiredi ct ions,  fhe 
95%  confidence  limits  indicated  in  fable  III  reflect  the  accuracy  of  this 
statistical  approach  to  droplet  size  measurement;  a simple  t-test  confi  r.iied 
that  the  listed  mean  values  are  s ign  i f i c.int  1 s different. 

The  im|)ortance  of  the  05%  decre.ise  in  the  volume  mean  diameter  of  the 
droplets  produced  by  the  lilT’N  system  (cf.  fable  111)  is  underscored  by  ct)m- 
paring  it  to  the  decrease  in  droplet  size  rejiorted  by  Carnes  (27)  for  the 
nebulization  of  organic  solvents.  In  these  past  studies  (27),  onl>  .i  1.5%  de- 
crease in  volume  mean  diameter  was  recorded  when  d-meth> lpentan-2-one  (MlBKi  wa-. 
nebulized  instead  of  water.  Therefore,  one  could  expect  a fourfold-greater 
reduction  in  droplet  size  when  the  lif'PN  system  is  einjiloyed  instc.ad  of  organic 
solvents;  moreover,  the  convenience  of  using  aqueous  solutions  is  retained, 
furthermore,  even  greater  reductions  in  droplet  size  might  arise  if  stronger 
electric  fields  were  a|>iilied  th.in  those  used  here. 


I(> 


A consi(Jt'raI)le  reduction  in  the  size  of  the  droplets  produced  by  a con- 
ventional pneumatic  nebulizer  can  be  realized  merely  by  application  of  an 
electric  field.  l-'or  [iractical  flame  or  jilasma  determinations,  a sal'e  and 
inexpensive  system  could  be  biii  1 1 employing;  a simple  pneumatic  nebulizer  arul 
a h i j;h- VO  1 tai;e  , low-current  power  supply;  the  I'esultini;  device  should  pro- 
duce small  droplets  capable  of  beinj;  eff  i cii'iit  ly  desolvated  and  vaporizi'd  in 
most  analytical  flames  or  plasmas.  The  present,  simple  design  could  be  reatli  !>• 
adapted  to  existing  analytical  sources;  furthermore,  the  electrodes  are 
arranged  so  that  the  solution  being  nebulized  is  always  at  ground  potential, 
thereby  eliminating  the  possibility  of  electrolysis  in  sani[)le  solutions  or 
danger  to  operating  personnel. 

Numerous  possibilities  for  future  work  exist,  first,  the  Id-TN  system 
must  be  adapted  to  a conventional  flame  or  plasma  spectrometer  and  tlie  result- 
ing sensitivities,  precision  and  interferences  evaluated.  Also,  the  liighl\ 
charged  droplets  produceil  by  the  Id'l’N  system  should  readi  !)•  lend  themselves 
to  sample  modulation  iirocedures;  such  studies  are  currently  uiulei'wa)’  in  our 
laboratory.  for  example,  time-dependent  charging  or  trapping  of  the  chai'ged 
droplets  could  prove  viable  as  a means  of  sami)le  modulation.  In  addition, 
work  is  being  conducted  towards  adajiting  the  lifPN  system  to  an  inductively 
coupleil  plasma  (I(d’)  source.  This  type  of  nebulizer  possesses  several  char- 
acteristics which  make  it  iilcally  suited  as  a means  of  s;im])le  introduction 
into  an  Kd’  source.  Clearly,  working  with  high  [lotentials  in  an  inert  atmos- 


jihere  is  more  desirable  than  in  higlily  conductive  fl;une  gases.  Also,  produc- 
tion of  small  dro|>lets  in  a relatively  low  gas-flow  environim  ni  (as  riapn  ri-d 
in  most  lt!l'  discliarges)  aloip;  with  a cons  i de  ral)  I e di'j'.ree  of  control  ol  Ihcii 
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production  and  flow  jirovides  for  very  efficient  use  of  sample  material, 
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'll 


Hockiiian  Humor 


llii;h  VO  1 1 a);o  source 


^lotk' 1 103U  intej;ral  as]i  i i- at  or-hurnor  (Heckman  Instru- 

ments, Inc.,  I'ullci'lon,  k.i  I i fo rn  1 a ) . 

I'luke  .''loik' 1 insB  hiy.li  vi'lta,;(,'  tic  power  sup]i|y  operati-J 
at  S . li  k\'  plohn  l-luke  Ml)’.,  ilo.,  Inc.,  Seattle,  IV.i  sh  i ni;  t on  ) 


l’hotO)traph  i c .system 


Light  source  usotl  in  150-watt  Xenon  arc  l.ainp  (,^o.  '.)l)lk-ll,  lii);  1 eha  nl-l  lanov  i .i , 
scattering  me;isui‘ement  s X'ewtirk,  \.l|  with  assoc  i . -it  ed  power  su|)|il)’  ;uui  housing 

( Hau'Vh  .uul  l.omh,  koehestei',  .\Y  ) . I'rovuled  with  fixed 
ope  rat  in;;  current. 

t.urrent  detection  Keithlev  Instruments  Moi.k'1  IMS  pi  coaiimieter  (keithlcc 

Instruments,  Inc.,  ti  1 evt' 1 aiul , t)hio). 

Hesse  l('r  i'o]icon  Super  l>  camera  with  a f/kt  lens  (Ch.irh's 
Hesselej-  Conijiany,  I . Orange,  N.l  I mounted  onto  a sturth' 
t r i ]H)tl . 

Photomicrograph  system  fopcon  camei’a  mountOkl  onto  a IJnitron  microscope  (Mtnlel 

MKK-A.l , IJnitron  Instrument  ko.  , .Xewton  liighlaiul,  .^lass.) 

V i . 1 a fopcon  Mcalel  111  miiroscope  attachment.  Micro- 
scope operated  with  lOX  eyepiece  and  IX  ohjective. 
I'licroseope  slides  illuminated  hs'  a H.iusch  and  l.omh 
microscope  illuminator  (Haiisch  an'  I oiiih  Opt.  t'l'., 
Rochester,  ,\'i  ) . 


TAKI.li  II.  I-RAC’ilUN'  01-  im0j’l.l;TS  IVlilCII  AKi:  GKI^ATHR  l)K 
U;SS  i'll.VN  20  I'UOIHJCI  1)  IIV  Till:  lii-l’N 

.sy.sti;m  uni)i;r  no  i:i.i:cTim:  i ii  i.!)  ,v\i)  \m.ii;i) 

I- 1 HIT)  CONDi  nONS. 


no  elect rie 

e 1 e e t r i e 

field  applied’ 

field  applied 

"o  S 20 

JJlll 

28 

0 5 

”6  > 20 

yiii 

41 

H) 

The  mean  droplet  diameter  oT  aqueous  aerosols  |)roduced  In 
tlameless  Heekman  hurners  has  been  iletermined  to  be  20  iaii 
(27). 


b)  Ihe  nebulized  solution  in  .all  eases  was  distilU-il  water. 


TABi.i:  in.  RiiSUi.Ts  or  riii;  matiii::iai ir\i.  tri;atmi-.n-| 
or  Tiij;  DiJOPi.rr  DismunmoM  iw\v‘ 


no  r I <.'Ct  r i c (.■  1 cc  l r ic 

n f 111  .-ipplicd  I'm.- Ill  .jppl  u-d 


'laximum  stable  dro|)let  diametL'i’  (X,„J 
Dimensionless  eonstant  (a) 

Si;e  distribution  parameter  (A1 
Volume  Mean  Diameter  (X) 


ur.  urn 
1 . D 1 
0. 1)2 

20 . ) ? 1.7  urn'’ 


70  urn 

-t 

0..A2 

10.9  t 1.1)  ..111 


see  text  tor  explanatimi  of  treatmrnt. 


a)  Results  I'or  distillei.1  ivater; 

b)  ±950  con f i dence  limits 

c)  .\i>[)!ied  voltaee  = 5.5  KV 


Figure  1 
Figure  2 

l^gure  3 

Figure  4 
ligure  5 


I'igure  () 


iuac:r;VM  of  flfctric-fifld  pni;umath:  nf;bui,izfk 

SCIIFMATIC  DIAOUAM  OF  LIGHT  SCATTliRlNG  OliSLUVATI ON  \!'1>\UATIJS 
^ — j optical  [lath;  { ) electrical  path;  ( ) gas  Clou 

I’llOTOGRAI’llS  OF  SPATIAL  LIGH'I'  SCATTLRING  PROFILLS  OF  AliROSOLS  I’KU- 
DIIGlil)  liY  I;FPN  SVSTliM 


A - no  electric  field  applied 
B - el  ect  r i c f i e 1 d ap|i  1 i ed 

I’llOTOMICROGRAPH  Ol-  DROPLLT  IMPRliSSIONS  IN'  FI  NIi-GRAl  N MAGNISllIM  OXIIH 

IIISI'OGR.VM  RLPR1;S1;N1TNG  UROPLL  T SIZL  mS'lRl  Bin  IONS  {See  text  fur 
di scuss ionj . 

A - no  electric  field  a[iplied 
B - electric  field  applied 

The  numbers  centered  above  each  bar  represent  the  percent  of  tiie 
total  number  of  droplets  observed  within  that  droplet  size  group. 


APPLICATION  OF  TllL  LOG-NORMAL  FUNCTION  TO  TIIF.  DROPLliT  DI  S TRI  liUlT ON 
DAL  A 


(A)  no  electric  field  applied 

(B)  electric  field  applied 

Droplet  diameters  are  plotted  on  a logarithmic  scale  against  cumula- 
tive volume  fractions  (V')  on  a probability  scale,  t.umulative  volume 
fractions  arc  calculated  for  eacli  drojilet  size  grou|i  l)v  first  multi- 
plying the  f^e(^uency  of  occunence  by  the  volume  of  the  droplet.  The 
volume  of  the  droplet  is  calculated  assuming  spherical  geomet r> . B> 
summing  the  volume  of  eacli  previous  droplet  size  grou|i  to  the  next 
grouj),  one  cominites  a cumulative  volume  for  eacli  group.  Ratioing 
the  cumulative  volume  computed  for  each  group  to  the  tot.il 
cumulative  volume  results  in  a cumulative  volume  fraction  for  each 
group . 
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